In male birds, size and blackness of melanin-based ornaments may signal competitive ability and quality. Testosterone is an important physiological mediator of these signals as these ornaments are testosterone dependent. Experimental manipulation of circulating testosterone in females suggests that similar mechanisms are at work in plumage ornaments of females. However, hormone manipulations typically result in testosterone levels that are far higher than physiological concentrations experienced by females. Thus, it remains unclear whether natural variation of testosterone levels would be sufficient to generate variation in female plumage coloration. A signaling value of plumage ornamentation is particularly important in females of sex-role reversed species, in which females are the more competitive sex. We examined the relationship between plumage coloration, body condition, and circulating testosterone in female barred buttonquails (Turnix suscitator), a classically polyandrous species. Even though female testosterone levels were low, they were strongly positively related with body condition and the size and blackness of the melanin throat patch. In males, no such relationships were apparent, suggesting that females may have an enhanced sensitivity for testosterone or its metabolites. These unique results reveal that a hormonal mechanism may be involved in sexrole reversal in this species.
INTRODUCTION

I
n birds, plumage coloration and ornaments often function as signals for status and/or quality (Andersson 1994; Berglund et al. 1996; Hill 2006; Kraaijeveld et al. 2007 ). Individuals may be able to judge the strength and health of potential competitors and may use this information to avoid the costs of fighting (Maynard Smith and Harper 2003) . In most species, the potential for variation in reproductive success is higher between males than between females, resulting in stronger competition over resources (i.e., territories and mates) among males. As a consequence of this stronger sexual selection in males, secondary sexual characteristics-such as plumage coloration and ornamentation in birds-are typically stronger expressed in males than in females (Andersson 1994; Kraaijeveld et al. 2007; Clutton-Brock 2009) . Like many other secondary sexual traits, plumage coloration and ornaments may be under genetic control (Norris 1993; Roulin et al. 1998; Kimball and Ligon 1999; Roulin and Dijkstra 2003) and modulated by sex steroids such as estrogen (Kimball and Ligon 1999) and testosterone (Adkins-Regan 1998; Buchanan et al. 2001; Strasser and Schwabl 2004, reviewed in Candolin 2003; Blas et al. 2006) . In males of some bird species, testosterone mediates sexual and aggressive behaviors (Wingfield et al. 2001) and controls the degree of plumage melanization (reviewed in Hill and McGraw 2003; Jawor and Breitwisch 2003; Kimball 2006; Bókony et al. 2008 ). Therefore, melanin ornaments may signal competitive ability related to testosterone (testosterone-regulation hypothesis, reviewed in Jawor and Breitwisch 2003) . For example, the expression of the black throat patch of male house sparrows (Passer domesticus) is correlated and influenced by testosterone (Evans et al. 2000; Buchanan et al. 2001; Gonzalez et al. 2001; Laucht et al. 2011) . Concurrently, patch size correlates with the position in the dominance hierarchy (e.g., Gonzalez et al. 2002, see also Rohwer and Rohwer 1978) and is an honest indicator of condition (Veiga and Puerta 1996; Gonzalez et al. 1999; Buchanan et al. 2001) , which females may use for mate selection (Møller 1988; Riters et al. 2004 , but see .
Furthermore, testosterone is involved in the trade-off between self-maintenance and reproduction (reviewed in Hau 2007) . There are indications that elevated levels of testosterone may impair immune function (reviewed in Roberts et al. 2004) or resistance to oxidative stress (reviewed in Alonso-Alvarez et al. 2007 ). On the other hand, there is strong evidence that an impaired immune system lowers testosterone levels (Boonekamp et al. 2008) . Several studies have found that the resistance to pathogens and parasites relates to sexual signaling (Potti and Merino 1996; Verhulst et al. 1999; Blas et al. 2006) , including melanized plumage (Roulin et al. 2001; Fitze and Richner 2002; Garvin et al. 2008) . These studies suggest that melanin ornaments may not only signal competitive abilities but also quality through condition dependency and therefore may represent an honest signal during mate choice (Bókony et al. 2008) .
Secondary sexual traits have evolved in females as well as males, including brightly colored plumage and ornamentation in some bird species (Clutton-Brock 2009). However, proximate and ultimate factors underlying female plumage coloration and ornamentation are less well known than those of males. Female ornamentation has been suggested to be a mere byproduct of sexual selection for ornaments in males (Lande 1980; Kraaijeveld et al. 2007) or could have evolved under sexual selection through direct male choice or competition between females (Kraaijeveld et al. 2007; Clutton-Brock 2009) . Accordingly, plumage ornamentation in females may indicate competitive ability, status, and/or parasite resistance too (Potti and Merino 1996; Roulin et al. 2001; Morales et al. 2007; Murphy et al. 2009; .
In females, levels of testosterone are generally lower than in males (Wingfield and Farner 1993; Wingfield et al. 2001; Møller et al. 2005) , but testosterone may still influence behavioral and morphological traits in this sex (Staub and De Beer 1997; Lank et al. 1999; Ketterson et al. 2005; Peters 2007; Voigt and Goymann 2007; Jawor and Winters 2010) . For example, treatment with testosterone induces the growth of nuptial feathers in female Wilson's phalaropes (Phalaropus tricolor) and red-necked phalaropes (Phalaropus lobatus; Johns 1964), initiates the development and influences the brightness of the red frontal shield in female moorhens (Gallinus chloropus; Eens et al. 2000) or affects feather growth and bill coloration in female starlings (Sturnus vulgaris; De Ridder et al. 2002) . Furthermore, female ruffs (Philomachus pugnax) show male mating behavior and develop a male-type breeding plumage after testosterone treatment (Van Oordt and Jung 1934; Lank et al. 1999) . Although these studies indicate the potential for testosterone to influence secondary sexual traits including plumage coloration in female birds, the evidence that these studies generate comes with a drawback: All these manipulations resulted in testosterone levels that these females would have never experienced under natural conditions. Thus, it remains completely unclear whether variation in physiological levels of testosterone could play a role in the expression and variation of secondary sexual characteristics in female birds. Only if such naturally occurring variation of testosterone has an effect on secondary sexual characteristics of females, can natural and sexual selection act on these traits (Adkins-Regan 1998). The manipulation of hormone levels within a physiological range is difficult even in males because they typically induce a supraphysiological peak after implantation (e.g., Fusani 2008; Edler et al. 2011) . Thus, especially for females, correlational studies relating circulating levels of testosterone with secondary sexual traits and body condition are required. As long as such correlational relationships are not established, it remains open whether and how testosterone could play a role in the expression of secondary sexual traits in females (Owens and Short 1995; Potti and Merino 1996) . In an extensive literature search, we could only find 1 study suggesting a correlation between circulating testosterone and plumage coloration in female northern cardinals (Jawor et al. 2004) .
In so called sex-role reversed, classically polyandrous bird species, females compete for males or resources and are typically more aggressive than males (Andersson 2004) . Some of these species such as the red-necked phalarope, Wilson's phalarope, or Eurasian Dotterel (Charadrius morinellus) show sex-role reversed dichromatism with females expressing moderately or even highly brighter coloration of the plumage than males (Wingfield et al. 2000; Ketterson et al. 2005) . Females of these species may therefore use the coloration of their plumage to signal competitive ability and condition during courtship or resource defense. However, females of all sex-role reversed species investigated so far have lower testosterone levels than males (e.g., Rissman and Wingfield 1984; Fivizzani and Oring 1986; Schlinger et al. 1989; ). If such low levels of testosterone should mediate secondary sexual traits such as plumage ornaments and coloration in these females, the hormone needs to act locally in target tissues that have a high sensitivity for low levels of the hormone or its metabolites (e.g., Schlinger et al. 1989; Voigt and Goymann 2007; Ball and Balthazart 2008; Clutton-Brock 2009) .
The barred buttonquail (Turnix suscitator) is a classically polyandrous species in which females aggressively defend territories and vocalize to deter rivals and attract males (Ridley 1978; Debus 1996) . They have a marked reversed sexual dichromatism (Starck 1991; Debus 1996) with females expressing a black throat patch and a partly melanized breast patch throughout the year (Starck 1991) . The plumage coloration of this species offers an ideal opportunity to examine the covariation in melanin plumage areas, condition, and testosterone in female birds. We compared circulating testosterone levels between female and male barred buttonquails throughout the course of 1 year to look for seasonal changes of hormone concentration and for potentially sex-role reversed hormone levels in this classically polyandrous species. Furthermore, we measured size and blackness of throat patches and breast patches of females to look for differences between individual birds and relate these differences with testosterone levels and condition. If circulating testosterone correlates with the expression of melanin-based plumage in females and with their condition, this would be a strong indicator that testosterone may mediate differences in the expression of secondary sexual traits in females of a sex-role reversed bird species.
METHODS
Study species
We investigated size and blackness of breast and throat patches of 13 female and 14 male barred buttonquails, between 2007 and 2009. The birds were kept in pairs in cages of 1.0 3 1.0 3 0.7 m at a light-dark schedule of 13:11 h, mimicking conditions close to their tropical origin. Grass tussocks, artificial plants, and little haystacks in the cages offered hiding and nesting areas, and food and water were provided ad libitum.
Plumage measurements
We took 3 pictures of each bird's throat and breast. The pictures were taken in succession on the same day in December 2007, except for 1 female, which was included into the study and photographed in March 2009. To take the potential biases of month and year on hormone levels and plumage melanization into account, we included the date into our analysis (see Statistical analysis). In females, the throat patch was defined as the area covered by completely melanized feathers at the throat of the birds ( Figure 1A and B). Males grow white throat patches, whose feathers have melanized tips only in some individuals, and which are enclosed by an area with rufous-and black-melanized feathers ( Figure 1C ). White plumage patches and ornaments may have a signaling function as well (Török et al. 2003; Galvan and Sanz 2009; Griggio et al. 2011 ). We therefore measured this throat patch of white feathers in males as an equivalent to the black throat patch in females for the comparison of throat patch patterns between the sexes. The breast patch area confined all feathers at the throat and the breast which were at least partly melanized and which was clearly separated from the surrounding rufous plumage feathers without any black melanization ( Figure 1 ). Birds were held by 1 person fixing legs, wings, and bill with the hands and were presented ventrally with a stretched neck toward the camera at a standard distance of 37 cm. Birds were rearranged in the hand for each picture to ensure random positioning of the feathers. We used a flashlight to have equal light conditions for all birds. To measure throat patch and breast patch size, we followed the procedure described in Laucht and Dale (2010) . In brief, breast patch and throat patch area were encircled and the areas' pixel number was measured using Adobe Photoshop CS2. For standardization, we divided this area by a standard area present in each photograph and measured in the same way and then converted the result into square centimeters. Furthermore, the blackness of the plumage area was expressed through gray tone values (¼luminance) computed from RGB using Adobe Photoshop CS2. The lower the gray tone values, the more intense the blackness. For the analyses, we used the average of all 3 pictures for each bird. Lessells and Boag 1987) . We also measured the body mass to the nearest 1.0 g and tarsus length to the nearest 0.1 mm either on the day the pictures were taken or within a week afterward. We conducted a regression analysis of body mass on tarsus length (for both sexes separately) and used the residuals of this analysis as a measure of the birds' condition.
Blood samples
Throughout the course of 11 months (January to November 2008), we took monthly blood samples and measured the body mass of each bird between 9:00 and 12:00 h in the morning. Blood samples (150-200 ll) were taken within 2.4 6 0.06 min after opening the cage to capture the birds. The plasma was separated immediately (centrifuged at 10 000 rpm for 10 min) and stored at 280°C until hormone analysis.
Ethical note
The measurements and sampling procedures were carried out according to the German laws for experimentation with animals. Breeding and housing of the buttonquails, as well as blood sampling, were conducted with permission of the Regierung von Oberbayern, Germany, and followed legal permits. After the study, all birds remained in the laboratory stock at the Max Planck Institute for Ornithology, Germany.
Hormone analysis
Testosterone was analyzed using a radioimmunoassay as described in Goymann et al. (2006) . We conducted 6 separate assays to analyze all samples. Mean 6 SD extraction efficiency was 91 6 5%. Mean intra-and inter-assay coefficients of variation were 6.3 and 11.5%, respectively. The detection limit (mean 6 SD) was 0.50 6 0.17 pg per tube. Because the testosterone antibody used showed some crossreactivity (44%) with dihydrotestosterone, our measurements may include a minor fraction of this other potent androgen.
Statistical analysis
Statistical analyses were conducted using SPSS 15.0. Throughout the paper, values are expressed as mean 6 SEM, and the statistical significance was set at a 0.05 (2-tailed).
Testosterone data were square root transformed to get a normal distribution. We used a general linear mixed model to compare testosterone concentrations of each month between males and females. The model comprised month and sex as fixed factors, bird ID as a random factor, body mass as a covariate, and the interactions between month and sex, and between weight and sex. We further conducted multiple pairwise comparisons with post hoc Bonferroni adjustments.
We calculated the coefficient of variation (CV) for monthly testosterone levels for each bird and compared the mean CV of males and females to test whether 1 sex has a greater variation in testosterone levels compared between months using a t-test.
We tested for correlations between testosterone concentration and condition of the birds, body mass, throat patch size, throat patch blackness, and breast patch size in females and males separately using a Pearson correlation. Because barred buttonquails express the sexually dimorphic plumage with a black throat patch in females throughout the year (Sutter 1955; Starck 1991) , breed throughout the year (Ridley 1978; Starck 1991 ) and do not necessarily have a time-restricted molt pattern (Sutter 1955; Debus 1996 ; Muck, personal observations), we used the mean annual testosterone concentration for each bird. Sample sizes may differ between statistical tests due to missing data points for single individuals (natural death and small plasma volume).
RESULTS
Testosterone concentration of males and females did not differ significantly between the sexes (Figure 2 , linear mixed model, F 1,64.87 ¼ 0.95, P ¼ 0.33) or between months (F 8,19.39 ¼ 1.94, P ¼ 0.11). However, there was a significant interaction between sex and body mass (F 2,58.12 ¼ 7.22, P ¼ 0.002) because females with larger body mass had significantly higher levels of testosterone (r p ¼ 0.60, P ¼ 0.04), whereas males showed no significant correlation between body mass and testosterone levels (r p ¼ 20.36, P ¼ 0.31). Furthermore, there was a significant interaction between month and sex because in some months, females had higher levels than males and in other months males had higher levels than females (Figure 2, F 8,19 .39 ¼ 2.94, P ¼ 0.03). There was also a significant difference between subjects (¼ID) in testosterone levels over the course of the study period (Wald Z ¼ 1.93, P ¼ 0.05) because some individuals showed a greater variance between months than others ( Figure 3) . To further explore the similarity of testosterone levels in males and females, we calculated the CV for each individual, which was similar in females and males over the period of 11 months (females: 34.14 6 4.72, males: 32.71 6 5.84, t-test, df ¼ 25, t ¼ 0.03, P ¼ 0.98). This suggests that not only were the mean levels of testosterone similar between the sexes but also the magnitude in change of testosterone over the year.
In females, testosterone significantly correlated with condition (Pearson correlation r p ¼ 0.67, P ¼ 0.03), throat patch size (r p ¼ 0.60, P ¼ 0.03), and throat patch darkness (r p ¼ 20.69, P ¼ 0.009; Figures 4 and 5) . Breast patch size did not correlate with testosterone concentration (r p ¼ 0.05, P ¼ 0.86). Furthermore, in females, condition significantly correlated with the size (r p ¼ 0.68, P ¼ 0.02) and darkness of the throat patch ( Figure 5 ; r p ¼ 20.78, P ¼ 0.005), and the size of the melanized breast patch area (r p ¼ 20.80, P ¼ 0.003). In males, condition or testosterone did not correlate with any plumage measurements (condition-testosterone: r p ¼ 20.35, P ¼ 0.32, throat patch size-testosterone: r p ¼ 20.11, P ¼ 0.71, breast size-testosterone, r p ¼ 0.56, P ¼ 0.07, condition-throat patch size: r p ¼ 0.02, P ¼ 0.96, condition-breast size: r p ¼ 20.38, P ¼ 0.29).
DISCUSSION
Female barred buttonquails with larger and darker throat patches expressed higher circulating levels of testosterone and were in better condition than females with smaller and paler throat patches. These results suggest that low circulating levels of testosterone could mediate variation in plumage coloration in female birds. A comparable relationship did not exist in male buttonquails, even though overall levels of testosterone were similar between the sexes. Therefore, in barred buttonquails, the sex-role reversed mating system may be accompanied by a reversal of testosterone dependency in the expression of a secondary sexual trait.
Circulating testosterone levels of male and female barred buttonquails remained very low throughout the whole study, with only a minor peak during August in both sexes. Low levels of circulating testosterone are common in tropical birds with a low degree of seasonality ). Nevertheless, testosterone may still mediate behavioral and physiological traits-such as aggression and competition over resources-in these species (Wikelski et al. 1999; Goymann et al. 2006) .
Interestingly, female barred buttonquails had similar mean levels of testosterone than males and also the variation in testosterone was similar in both sexes. This is in contrast to all other sex-role reversed bird species studied up to date, in which males expressed significantly higher levels of testosterone than females (reviewed in Eens et al. 2000; . Indeed, in some months, testosterone levels of female barred buttonquails were higher than those of males, whereas in other in months, it was the other way around. We could not identify an environmental or physiological reason for the changing differences between females and males. Furthermore, the variation in testosterone levels between the months did not differ between the sexes. Hence, the significant interaction of month and sex in testosterone levels may be merely due to individual differences in testosterone levels and the low sample size. The overall similarity of testosterone levels in female and male barred buttonquail is exceptional among sex-role reversed birds.
The plumage of female barred buttonquails is more brightly colored than that of males and includes the year-round expression of a melanin-based black throat patch (Starck 1991) . There are a few indications that melanin-based ornaments may serve as signals for quality in female birds similar to those that have been described for males (Amundsen 2000) . For example, in barn owls (Tyto alba), the amount and size of melanized spots on breast, belly, flanks and underside of females reflect parasite resistance (Roulin et al. 2001) , and offspring immunocompetence (Roulin et al. 2000) . Similarly, in female great tits (Parus major), the size of a melanin-based breast stripe may indicate resistance against ectoparasites (Fitze and Richner 2002) and social dominance (Wilson 1992) . However, there is no evidence that these melanin-based signals in females are mediated by testosterone.
In female barred buttonquails, the variation in size and blackness of the throat patch and the breast patch covaried with mean annual circulating testosterone concentrations of individual birds. Such a correlation has not been described for females of any classical polyandrous species and also for other species there is little evidence. Jawor et al. (2004) describe the relationship between testosterone levels during molt and darkness of a melanin-based face mask in female northern cardinals (Cardinalis cardinalis). In this species, testosterone concentrations increased during aggressive femalefemale interactions. Hence, the face mask of female cardinals may be a signal of aggressiveness or status just as in male northern cardinals (Jawor et al. 2004) .
In many bird species, circulating levels of testosterone show a strong seasonal variation (e.g., Wingfield et al. 1990) . The relationship between testosterone and plumage melanization should be most eminent when testosterone is measured during feather formation, that is during molt (e.g., Evans et al. 2000; Buchanan et al. 2001; Gonzalez et al. 2001; Bókony et al. 2008) . However, correlations between plumage melanization and testosterone are found also during other life cycle stages (e.g., Laucht et al. 2011) , suggesting that testosterone concentrations during molt may be indicative of testosterone levels during other times of the year. Similar to many other tropical birds with a low seasonality (Tallman and Tallman 1997) , barred buttonquails may not have a regular or time-restricted molt pattern (Sutter 1955; Muck, personal observations) , or molt may be interrupted due to seasonal conditions (Starck 1991 ) and hence may occur over a longer period of time. Furthermore, compared with other species investigated so far, levels of testosterone showed little variation throughout the year. As a consequence, we are confident that the mean annual level of testosterone per individual represents a good and conservative estimate of testosterone levels during the extended period of molt in this species.
In male birds, melanin-based ornaments may signal condition, quality, status, or parental ability to females and competing males (Jawor and Breitwisch 2003; Clutton-Brock 2009) . If the expression of melanin-based ornaments depends on testosterone and only healthy individuals in good condition can maintain high levels of testosterone (or melanin production), the honesty of this signal can be ensured (Jawor and Breitwisch 2003) . In sex-role reversed barred buttonquails, females compete more strongly for resources and mates than males. Thus, the evolution of secondary sexual characters that signal competitive ability should come with no surprise. Furthermore, in species with substantial paternal investment, female plumage may provide males with information about condition, fecundity, and parental qualities (Møller 1993; Blount et al. 2002; Jawor et al. 2004 ). There is evidence that males commonly prefer brighter and more ornamented females (reviewed in Clutton-Brock 2009). Because male barred buttonquails substantially invest in parental care, they may use plumage cues from females when selecting a mate.
Nutritional condition and parasite infection, especially during molt, may affect the expression of melanin ornaments (Fitze and Richner 2002; Jawor and Breitwisch 2003; Roulin et al. 2008 ). In our study, all birds were kept under ''benign laboratory conditions,'' that is, they received food ad libitum and were not exposed to the large assortment of parasites or predators they may experience in their natural environment. Thus, the standardized laboratory environment and the optimal feeding conditions may have limited the range of phenotypic variability in throat patch morphology that is associated with condition compared with a natural situation in a more variable and challenging environment. Given our preliminary evidence in the laboratory, studies in free-living populations of barred buttonquails would be highly desirable to further explore the relationship between condition, testosterone, and plumage melanization in this species.
In contrast to non-sex-role reversed species with sexually dimorphic traits expressed only by the male (the sex which shows generally higher testosterone concentrations), a graded doseresponse relationship between circulating hormone levels and the morphological trait (Ball and Balthazart 2008) is unlikely in barred buttonquail. Because female and male barred buttonquails express similar levels of testosterone, one expects other endocrine mechanisms that restrict the expression of a black throat patch to females, if indeed testosterone should play a modulating role in plumage melanization. For example, a sex-specific and locally enhanced sensitivity for low levels of the hormone or its metabolites may be at work (e.g., Schlinger et al. 1989; Voigt and Goymann 2007; Ball and Balthazart 2008; Clutton-Brock 2009) . Follow-up studies on the sensitivity of the skin and feather follicles to testosterone and its metabolites in female barred buttonquails could provide an answer to this possibility.
Our study on melanin-based plumage coloration in barred buttonquails demonstrate for the first time that variation in natural levels of testosterone could mediate variation in plumage coloration in females of a sex-role reversed bird species and that this variation may be condition dependent. Hence, plumage melanization in barred buttonquail may function as a quality signal during intersexual and intrasexual competition. The lack of any correlations with testosterone levels in males despite similar levels of plasma testosterone in both sexes, suggests that females may have an enhanced sensitivity for low levels of the hormone or its metabolites. Therefore, in barred buttonquails, the reversed sex roles may go along with a reversal of testosterone dependency in sexual signaling. These results hence reveal that a hormonal mechanism may be involved in sex-role reversal in this species.
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